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ABSTRACT The pulse position detection of the pseudorandom time-hopping (TH) pseudolite is critical
for the participative global navigation satellite system (GNSS) receivers. The conventional method to detect
the pseudorandom TH pulse positions of the received pseudolite signal is mainly based on the exhaustive
search of the matched TH intervals, which may cause low detection probability or even detection failure in
relatively low signal to noise ratio (SNR) environments. With this problem, a new method to detect the TH
pulse positions is given. The general process of the given method is that first the TH intervals derived from
the correlation peaks of discontinuous direct sequence spread spectrum (DSSS) component are mapped to a
code sequence, and then the mapped code sequence is circularly correlated in turn with each code sequence
obtained from each group of TH slot indices of the TH table, finally by searching the maximum circular
correlation peak, the TH slot indices of the received pseudolite signal and their initial phase will be found,
further by combining them the work of TH pulse position detection is fulfilled. The simulation results show
that with the given method, the detection probability and detection error of the obtained TH pulse positions
can be greatly improved, hence the performance of the participative GNSS receivers will be enhanced.

INDEX TERMS Pseudorandom time-hopping pseudolite, participative GNSS receiver, pulse position

detection, mapped code sequence, circular correlation.

I. INTRODUCTION

The pseudolite can be used to augment the navigation
and positioning performance of the participative GNSS
receivers in environments as interior of the building, city
crayon, mountain valleys and so on, where the number of
the visible GNSS satellites decreases dramatically [1]-[3].
Meanwhile, four or more pseudolites can also be used to
constitute an independent positioning system in environ-
ments where the received GNSS satellite signals are virtually
blocked or jammed [4], [5]. Since the distance from the
pseudolite to GNSS receivers is much closer than that of
the navigation satellites in the sky, the received power of the
pseudolite signal is much stronger than that of the navigation
satellites, and this will bring the “near-far” interference to
GNSS receivers [6], [7]. To solve this problem, most pseu-
dolites often adopt the signal structure of pseudorandom TH
pulses gating continuous DSSS signal [8]-[10]. The duty
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cycle of TH pulses is predetermined and pulse positions
are controlled by a group of pseudorandom TH slot indices
which can be generated by a linear feedback shift register
(LFSR) [11], [12] or by a stored TH table [13]-[15]. The
role of the pseudorandom TH slot indices is to maintain the
spectral characteristics of original continuous DSSS signal so
that the Doppler frequency ambiguity appeared in acquisition
and tracking of the pseudolite signal can be removed [8], [15],
[16]. Generally speaking, a TH table is relatively convenient
for use than the LFSR-based method, since that the pulse
number in one TH pulse pattern controlled by a LFSR may
not easily meet the pulse number given in advance.

For the received pseudolite signal, due to time delay its
TH pulse positions are determined by the pseudorandom
noise (PRN) code initial phase of discontinuous DSSS com-
ponent and the initial phase of TH slot indices. The con-
ventional method to detect the TH pulse positions of the
received pseudolite signal is mainly based on the exhaustive
search of the matched TH intervals [17]-[19]. In [17], it uses
the sliding correlation method to detect and demodulate the
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pulsed pseudolite signal, and this sliding correlation is just
an exhaustive strategy. In [18] a heuristic method to detect
the TH pulse positions is proposed, in the given method it
acquires the TH pulse positions by exhaustively searching the
TH intervals or hops and comparing them with the intervals
of TH slot indices derived from the TH table. In [19], two
methods, namely, maximum likelihood estimation (MLE)
method and non-coherent squaring detection (NSD) method,
are used to detect the TH pulse positions. For the MLE
method, it uses a group of match filters to detect the pulse
positions and its detection process is similar to that given in
[18]. While for the NSD method, it regards the pulse positions
as a sequence of independent random variables and uses the
generalized likelihood ratio test (GLRT) approach to detect
the TH pulse positions, and this can simplify the detection
process of the MLE method. By comparisons, it shows that
the MLE method is superior to the NSD method in detection
performance, but its computational efficiency is inferior to
the latter.

In general, the drawback of this exhaustive search method
is that it may cause low detection probability or even detection
failure when some obtained TH intervals get wrong, espe-
cially in low SNR environments. In fact, these obtained TH
intervals can be also mapped into code sequence so that the
circular correlation method can be used to decrease the effect
of some unmatched TH intervals. In [15], during the course
of a method is given to improve the acquiring efficiency of
the pulsed TH pseudolite signal, a similar idea that uses the
timeslots mapped code sequence to search the TH slot indices
is mentioned. While for the LFSR-based methods, though
they can be easily used to detect the TH pulse positions with
the TH code sequence generated by the local LFSR of the
participative GNSS receiver [11], [12], their detection process
is different in different pulse scheme, so in the following parts
they are not considered.

Aim at the problem of the exhaustive search method, in this
paper a new method to detect the pseudorandom TH pulse
positions of the received pseudolite signal with better perfor-
mance is given. The general process of the given method con-
sists of three steps. Firstly, the autocorrelation peak positions
of discontinuous DSSS component are acquired and the code
sequence mapped from the autocorrelation peak intervals is
derived. Secondly, by operating on the TH table, different
code sequences mapped from different groups of TH slot
indices are got. Finally, the code sequence derived in first
step is circularly correlated in turn with each mapped code
sequence of the TH table got in second step, and by finding
the maximum circular correlation peak, the TH slot indices
and their initial phase will be found, further by combining
them the task of TH pulse position detection is fulfilled.
The simulations presented in the final of the paper show that
compared with the exhaustive search method, the TH pulse
position detection performance can be greatly improved with
the given method.

The rest of the paper is organized as follows. In Section II,
the received signal model of the pseudorandom TH pseudolite
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FIGURE 1. Signal structure of the pseudorandom TH pseudolite in
transmitting end.
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FIGURE 2. The TH table used to generate and detect the TH slot indices of
the pseudolite signal.

is first given. Then in Section III, the detailed TH pulse posi-
tion detection process is presented. In Section IV, different
simulations to validate the given method are shown. Finally,
the paper is concluded in Section V.

Il. RECEIVED SIGNAL MODEL OF THE PSEUDO RANDOM
TH PSEUDOLITE

A. SIGNAL STRUCTURE OF THE PSEUDORANDOM TH
PSEUDOLITE

The signal structure of the pseudorandom TH pseudolite is
depicted as Fig. 1, where Ny = 1 / d is the slot number in
one TH frame, and here d is the duty cycle of the pseudolite
signal; T, is the period of one TH pulse; k is the current TH
frame index and K is the frame number in one TH pulse

K—1
pattern; {ag}ri] is a basic TH slot index set of the v-th
group in TH table used by the pseudolite signal, where a”
(v)

k—+i
i € {O, I,...,Nr — 1} is a random number,
and if K = N, |

K—1
v)
Uetif,_
permutation of 0 to K — 1 (the trivial permutation as O to
K — 1 or reverse should be avoided [10]); (ii) for any given
L) = al) i =012, K — 1 (i) 4}, # a');
wheni # j,i,j =0,1,...,K — 1; (iv) if there is another
pseudolite signal which uses the w-th group TH slot indices
in TH table, then for the non-overlap pulse scheme, there will
have ag}ﬂ. * a,((v_fi, where v 2 wandi = 0,1,2,...,K —
1. Here the TH table used by the pseudolite is shown

as Fig. 2.

i=

meets: (i) a

will become a full random
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B. RECEIVED SIGNAL MODEL OF THE PSEUDO RANDOM
TH PSEUDOLITE

Base on Figs. 1 and 2, the received pseudolite signal after
down-conversion can be written as

r(t)
+00
VS

n=—oo

N Z <bn cos [27 (fir + fpop)t + ¥0]

xs (t — nTb)p(V)(t —nTp —mT, — )> )

ey

where P is the power of the received pseudolite signal; b,
is the transmitted data bit and b, € {—1, +1} with equal
probability; 7, and 7, are respectively the periods of data
bit and PRN code chip; fir, fpop, and ¢q are intermediate
frequency (IF), Doppler frequency, and initial phase of the
carrier, respectively; n(¢) is the additive white noise; s(¢) is the
baseband signal, p*)(¢) is the TH gating pulse whose position
is assigned with the v-th group TH slot indices in TH table,
and they can be formulated by

M—-1
S0 = ) enur, (¢ =mTe = 7o), @
m=0
+o00
O qu< t —a'T, — kN;T, ) 3)
k=—o00

where ¢, € {—1,41} is the PRN code of DSSS signal,
and M is the code number in one code period; a}cv) is the
pseudorandom TH slot index which has been elaborated in
Subsection II-A; T), is the period of TH pulses or timeslots,
and often it meets T, = MT,; 7. is the PRN code initial phase;
ur(t) is a unit-height rectangle pulse whose support is on the
range [0, T']. Here the relationships of T}, T, and ;. are shown
in Fig. 3, where the TH slot indices in P,, are not same as those
inPg(a, B=0,1,..., Np-1).

Ill. PULSE POSITION DETECTION OF THE PSEUDO
RANDOM TH PSEUDOLITE

A. THE ROLE OF TH PULSE POSITION DETECTION

The role of TH pulse position detection mainly lies in two
aspects: (i) to provide time delay of the TH pulse positions
for the ranging of the participative GNSS receivers; (ii) to
provide pulse demodulation information for the participa-tive
GNSS receivers so that the effect of the TH pulses can be
removed.

In essence, TH pulse position detection is to find the initial
phase or time delay T, of the pseudorandom TH pulses, and
it can be realized by measuring the current TH pulse position
relative to its original position, as shown in Fig. 4.

On the other hand, from Fig. 4 it shows that the time
delay 1, consists of two parts, i.e., the integral part 7;, and
the fractional part 7 which are both in unit of timeslot.
In fact, by analysis it is found that 7z is just the PRN
code initial phase of the DSSS component, and it can be
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FIGURE 4. The detection of TH pulse positions can be fulfilled by
measuring the initial phase ;, and g, which are both related with the
autocorrelation peak positions of discontinuous DSSS component.

obtained by the autocorrelation peak positions derived from
the acquired result of the DSSS component. Moreover, aided
with the obtained autocorrelation peak positions, 7, can
also be obtained with the method given in the following
Subsections III-C to III-E.

B. ACQUIRING OF THE PRN CODE INITIAL PHASE OF
DSSS COMPONENT
Though the DSSS component of the received TH pseudolite
signal is discontinuous, the method for acquiring the PRN
code initial phase of continuous GNSS satellite signal still
can be used to acquire the PRN code initial phase of TH
pseudolite signal [18], [20]. Often the known parallel PRN
code phase acquisition method [21], [22] can be chosen to
fulfill this work.

With the chosen acquisition method, the PRN code initial
phase or time delay tp, of the TH pseudolite signal can be
acquired by

T = arg (}Tlax V2 Geofoap) + ng(fc,fmp)> “)

e

Teof] Dop

where I;, (T, fDop) and Q;, (Tc, fDop) are in-phase and quadra-
ture integration results of the participative GNSS receiver,
respectively, and

Iém(fcvaop)
2Nr Ty o
-2 / F(t)sz, () cos [2n(f,p + Foop)t + (/3()] dr,
0
(5)
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Q?:m (fc ) fDop)
2N Ty o
— V2 / r(t)sz, () sin [2n(f,p + Foop)t + gao] dt
0
(6)

where {ﬁm}fn/:ol , T fDOP, and ¢o are PRN code sequence,
initial phase of PRN code sequence, Doppler frequency, and
carrier initial phase of local generated TH pseudolite sig-

M—
nal, respectively; s;, (T.) = Y. &uur, (1 — mT, — ) is the
m=0
baseband signal with the obtained code sequence {Em }Z:_OI
and its initial phase 7. Here the integration period chosen as
2Ny T, is to ensure that at least one pulse is existed when time
delay of the pseudorandom TH pulses is considered.

In practice, FFT algorithm can be used to acquire the PRN
code initial phase, and fDOP used in Eq. (4) can be set to O to
decrease the computational load [19]. Additionally, to avoid
the autocorrelation peak loss arisen from the improper data
segmentation of the FFT algorithm [12], the overlap-adding
based digital passive matched filtering (DPMF) [18] method
can be used instead.

C. CODE SEQUENCE MAPPED FROM AUTOCORRELATION
PEAK INTERVALS

Although the TH slot indices of the pseudolite signal is
changed randomly, the timeslot width of the psedolite signal
is unchanged. Thus each timeslot can be taken as a ‘“‘sam-
pling” point with value 1 or 0 in view of the slot with or with-
out TH pulse, respectively. By this the received pseudolite
signal can be mapped into a code sequence, which will bring
benefit to the TH pulse position detection.

With the PRN code initial phase 7 obtained above, the
estimated baseband signal can be written as s; (t) =
M—1
> Cmur, (t — mTe — t7). Substitute s;, (t7) into Egs. (5)
gln_ci) (6), meanwhile, change the integral intervals of Egs. (5)
and (6) from [0, 2NfT,] to [kNgT,, (k+1)NyTp], where
k = 0,1,...,[At/(NsTp)| — 1, and here Ar is
the time span of signal collection and |[-] denotes the
floor operation, thus by comparing the maximum val-
ues of \/IEZ,N(K’ Tfp,fD(,p) + Q%m(/c, Tfp,fDop) where ¥k =
0,1,....|At/(NsT,)| — 1, the autocorrelation peaks of
DSSS component and their positions can be easily found.
Similarly, this correlation process can be also implemented
with the segmented overlap-adding FFT algorithm to improve
efficiency.

Suppose N; autocorrelation peaks have been found and
their positions are {py,k =0,1,2,...,N; — 1}, thus the

autocorrelation peak intervals in unit of timeslot or 7, can
be given as

T VMJ k=1,2,....,N, =1 (7)
' Tp K
where f; is the sampling frequency.

If the autocorrelation peak intervals given in Eq. (7)
are directly used to search the original TH slot indices
of the pseudolite signal in TH table, some unmatched
autocorrela-tion peak intervals can cause low detection prob-
ability or even detection failure, especially when SNR of the
received pseudolite signal is relatively low. To improve this
problem, the code sequence mapped from the autocorrelation
peak intervals can be used to search the original TH slot
indices.

With Eq. (7) the autocorrelation peak interval set can
be ecasily written as {Ag—1x.k=1,2, ...,N; — 1}, thus
the mapped code sequence can be given by H =

Ni—1
Q) i=0,1,..., 3 Ak_l,k} where
k=1

1, i=0
J

hi)y=41, i=) Mg J=12....N—1 (8
k=1
0, others.

To improve the gain of the following circular correlation
operation, in application the code sequence H can be further
interpolated to form its expanded result H. More specifically,
suppose the interpolation factor is /, then H is given as that
at the bottom of this page.

D. CODE SEQUENCE MAPPED FROM TH SLOT INDICES
Similar as the derivation of the code sequence mapped from
the autocorrelation peak intervals, each group of TH slot
indices given in TH table can also be mapped into a code
sequence for the subsequent TH pulse position detection.

To get the code sequences mapped from the TH slot
indices of the whole TH table, first the ¢-th group TH slot
indices in the TH table are chosen to illustrate how to map
them into a code sequence. According to the structure of
TH slot indices described in Subsection II-A, the mapped
code sequence of the ¢-th group can be given as I'¢) =
{y®©@),i=0,1,...,KNy — 1}, where = 1,2, ..., N and

1 i=aj=0.1, ...
0, others.

. ,K—1
y O = ©)

Operating similarly as in Subsection III-C, the code
sequence I'®) can also be interpolated to form its expanded

Ni—1 Ni—1

H=|n0).....7(0). h(1), ... h(1), ..., h(D> " Ago1 i) h(Y L Ago1p)
k=1 k=1

1 1
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result ) with the same interpolation factor for H. Then the
mapped code sequences of the whole TH table can be given
as

r= [(f(b)/, (f@)/,_”’ (f@))/’--., (f(N))/] o

where the superscript ““’ ” denotes the transpose.

E. TH PULSE POSITION DETECTION

After obtaining the mapped code sequences of H and T,
the circular correlation method and the FFT algorithm can
be used to find the TH slot indices and their initial phase of
the received pseudolite signal.

To apply the circular correlation method and the FFT
algorithm, first H and each vector I_‘(C) ¢ =12,...,N)
should be aligned to the same length. Often the length of H is
greater than that of T 5o that the TH slot indices and their
initial phase of the pseudolite signal can be correctly detected.
Suppose the length of H is L, then the aligned vector of Z-th

group ¢ will become ['©) = l:‘(g), l:‘({), e, I_‘(;), NS
_ £ groups

where ¢ = |L/(KNy) | and T"®) is a vector whose elements
are selected from the first L — ¢KNy elements of ' in
sequence. Continue to align the other vectors of I' similarly
as T'©), finally the whole aligned code sequences can be got

~ ~ / ~ - - /
as T = [(F“)) @y (F©y, (F<N>)/] .

With the obtained code sequences H and f‘, the detected

TH slot indices and their initial phase in sampling points can
be finally obtained by

p© = arg [ maxmax (I:I(i) ® f‘(g)(i)) (I
i,{ i=0,1,..., L—1;
(=1.2,..N

where 2 is the estimation of ¢, and it denotes the detected
group ID of TH slot indices in TH table; H(i) and T"©)(i)
denotes the code sequences of H and T'©) after circularly
shifting i mapped codes; “®” and ‘“maxmax’ denote the
circular correlation and max-max operations, respectively.

To improve efficiency, the detection of pé) given in
Eq. (11) can also be implemented with FFT algorithm and
its detailed process is

)

p
—arg | max max ‘IFFT“”{FFT(}'I).conj [FFT(f“@)]”
i il:o’%’j'.’Lﬁl;

(=157

(12)

where ‘“conj” and ““| - |” denote conjugate and absolute
operations, respectively, and i’ is the column index of the
IFFT sequence.

Using p®) given by Eq. (11) or (12), the initial phase T,
can be easily got as 1;, = p(g) / (fsTp). Then with 7, and
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FIGURE 5. The detection bias error of the early (E) and late (L) correlators
of the DLL under different multipath delay and different E-L spacing (dEL),
in which the amplitude ratio of the multipath to the LOS signal is 0.5.

the previous 1y, given by Eq. (4), TH pulse positions of the
pseudolite can be easily obtained by 7, = 7j, + 75 and the
detected ¢-th group TH slot indices.

F. SOME DISCUSSIONS ON THE GIVEN METHOD

1) THE EFFECT OF THE MULTIPATH

Besides the aforementioned ‘‘near-far’’ interference, the mul-
tipath arises from the pseudolite signal reflection or diffrac-
tion by the tall buildings, trees and so on may also cause the
performance degradation of the participative GNSS receivers
[1]. In what follows, we will mainly discuss the effect of the
multipath on the TH pulse detection, and the detailed method
of multipath mitigation is out of the scope of this paper.

Based on the TH pulse position detection process given in
Subsection III-A, it is known that the effect of the multipath
on the TH pulse detection can be boiled down to the effect on
the initial phase 7,, which further includes the effect on the
fractional part 74, and on the integral part ;.

a) For 7, the effect of the multipath on the pseudolite
is just same as it on the normal GNSS satellite signal. That
is, only when the time delay of the multipath is less than
about one PRN code chip or T¢, the detection of 17 will
be affected dramatically. Through the analysis given in [22],
it shows that the maximum detection error caused by the
multipath is about one quarter spacing of the early (E) and late
(L) correlators of the delay locked loop (DLL). On the other
hand, at this time the effect of the multipath can be mitigated
by the hardware such as narrow correlator or high resolution
correlator (HRC) [23], multipath estimating DLL. (MEDLL)
[24] and so on, or by the post processing techniques such
as the fast iterative maximum likelihood algorithm (FIMLA)
[25] and so on. At the time when there exists one multipath,
the detection bias error under different multipath delay and
different spacing (dEL) of the E and L correlators are shown
as Fig. 5. In practice, the narrow spacing correlators (e.g., dEL
< 0.1T,) are often used so that the better multipath mitigation
performance can be got.

b) For 7, the multipath can cause the incorrect peak inter-
val judgment which will further lead to the wrong detected
result of 7;,. But this effect can be easily removed after a sim-
ple peak merging processing. Considering that the multipath

216155



IEEE Access

Y. Hu et al.: Pulse Position Detection of the Pseudo Random Time-Hopping Pseudolite for the Participative GNSS Receivers

LOS correlation peak
< Tyos >

<\, merging e multipath

5 / into LOS ;| correlation peak /!
> le— "‘/
VAV RS \/\A/\/\

— N, T, —— N, T, — — N1, —
(= NyMT.)

one TH frame

FIGURE 6. The multipath correlation peak is much close to the LOS
correlation peak, which renders it can be merged into the LOS correlation
peak for the detection of 7;;, when the conditions of the delay 5 « 7p and
the LOS peak interval between two TH frames T;og > Tp and

Tios <(2Nf —1)Tp are considered.

can be greatly suppressed when its delay § exceeds one
chip or T¢, if there exists a multipath after dispreading the
DSSS component of the pseudolite signal, the correlation
peak of the multipath will be much close to the correlation
peak of the line of sight (LOS) signal, as illustrated in Fig. 6.
At the same time, since that the duration of TH pulse 7, =
MT, > T., we can merge the multipath correlation peak
into the LOS and map the merged result to value 1, thus the
detection process of t;, given in Subsection III-C to III-E is
still applicable.

2) COMPLEXITY OF THE GIVEN METHOD

As described in Subsection III-A, the aim of TH pulse detec-
tion is to find the PRN code initial phase 75, and the TH slot
index initial phase 7;,, so the computational complexity of the
given method also includes two parts.

a) For 5, based on the detection process given in Sub-
section III-B (fD,,,, is set to 0 according to [19]) and the
parallel PRN code phase acquisition method given in [22], its
computational complexity is about Cp,, = T log(2Y) where
T = I_fosM / RCJ is the samples in one TH frame and here
R. is the PRN code rate of the pseudolite, log(-) denotes base-
2 logarithm.

b) For 7, its computational complexity mainly arises
from the correlation operations [19], or more specifically, the
acquisition of autocorrelation peaks given in Subsection III-C
and the circular correlation of two mapped code sequences H
and T given in Subsection III-E.

During the acquisition of autocorrelation peaks of the
DSSS component with the obtained 5, if we neglect some
simple operations such as data shift, data accumulation and
so on, the computational complexity of this process is about
Cautcor = KY. Whereas for the circular correlation of H and
T, based on Eq. (12) its computational complexity is about
Ceircor = NKN¢I + (BNKNyl / 2)log(KNyI) where N is the
total groups of TH slot indices given in TH table and [ is the
interpolation factor.

Based on the above results, the total computational
complexity of the given method is

Ctotal ~ Cprn + Cautcor + Ccircor

= Y log(2Y) + K + NKN;I
+(3NKNy1 [2) log(KN/I) (13)
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FIGURE 7. Complexity comparison of the proposed method and the
exhaustive search (ES) based MLE method given in [19].

For the MLE method given in [19], with the notations given
in this paper, its computational complexity of the correlation
operations can be derived as

Coat ~ KY? [Ny (14)

With the values of each parameter set up in the following
Subsection IV, the simulated results of Eqgs. (13) and (14)
under different pulse schemes are shown as Fig. 7.

From Fig. 7, it can be seen that the computational
complexity of the given method is superior to that of the
exhaustive search based MLE method.

IV. NUMERICAL SIMULAIONS OF THE GIVEN METHOD
To verify the effectiveness of the given method, numerical
simulations on DSSS component acquisition, detections of
TH slot indices and their initial phase, probability and error
of the detected initial phase of TH pulse positions under
different duty cycle and different SNR are presented. The
common parameters used in these simulations are set up as
follows.

o Sampling frequency of the received pseudolite sig-
nal f; = 16.3696 MHz, intermediate frequency fir =
4.309 MHz, and carrier Doppler frequency caused by
clock drift and noise fp,, = 500 Hz.

o The period of one TH frame is set to 1 ms, thus for the
pulse scheme d = 1/10 (or 10%), the timeslot width
T, = 0.1 ms, and for the pulse scheme d = 1/20 (or
5%), T, = 0.05 ms, similar operations for other pulse
schemes. The total TH frames in pulse scheme d are set
to K = 1/d+ 6 if there is no special explanation. In pulse
scheme d = 1/10, the first 12 groups of pseudorandom
TH slot indices of Locata Subnet 1 [14] are selected in
sequence to constitute the TH table (the value of each
TH slot index decreases one so that they are in the range
[0, Ny —1]). Whereas for other pulse schemes, 12 groups
of TH slot indices generated by the randperm function
of the MATLAB® software compose the TH table.

o In all pulse schemes, the TH slot indices of the 7-th
group in TH table are chosen to generate the pseudo-
random TH pseudolite signal. The time delay or initial
phase of TH pulse positions of the received pseudolite
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signal is preset to 7, = (3+220/1023)T),,1.e., the integral
part 7;, = 3 timeslots and the fractional part 7 =
220/1023 timeslots. During the circular correlation the
interpolation factors of two different types of mapped
code sequence are both set to 20.

¢ GPS C/A code is chosen as the PRN code of the TH
pseudolite signal, but its code period and code (or chip)
rate are respectively changed to 7, ms and 1.023/d
Mchip/s in terms of the detailed TH pulse scheme.
According to the given T, the initial phase of PRN code
is set to T, = 17, = 220 chips. Besides, since the period
of data bit is often much longer than that of TH pulse
and has little effect on pulse position detection of the
TH pseudolite signal, for convenience, in simulations the
value of data bit b,, is set to 1.

Other specific parameters used in different simulations will

be given in places where they are needed.

A. DSSS COMPONENT ACQUIRED RESULTS

With the parameters given above and the method given in
Subsection III-B, the correlation peaks of the discontinuous
DSSS component and the corresponding PRN code initial
phase can be acquired. The acquired results under different
SNR and different duty cycle are shown as Figs. 8 and 9.

From Fig. 8 or 9 it can be seen that for the same duty
cycle d, for example d = 1/10 in Fig. 8, when SNR of the
received TH pseudolite signal is high, the autocorrelation
peaks which bear the information of TH pulse positions will
become better, and this can bring benefit for the subsequent
TH pulse position detection. Meanwhile, by the comparisons
of Figs. 8(b) and 9(b) or Figs. 8(d) and 9(d), it can be con-
cluded that under the same SNR, when d become small the
autocorrelation peaks will decrease, and this can be explained
by that the power assigned to each TH pulse is decreased.

In addition, the comparisons of Figs. 9(b) and 9(d) also
show that when SNR is high, the PRN code initial phase
can be correctly detected, i.e., T, = 220 chips or 220/1023
= 0.2151 timeslots which just match the prior given value,
and when SNR is low, 14, will tend to be wrong, as given
in Fig. 9(b).

B. DETECTION ON TH SLOT INDICES AND THEIR INITIAL
PHASE

After acquiring the autocorrelation peaks of DSSS compo-
nent and the PRN code initial phase, the TH slot indices and
their initial phase 7;, can also be got with the method given
in Subsections III-C to III-E. The detected results are given
as in Fig. 10.

Based on the detected group ID of TH slot indices given
in Figs. 10(a) and 10(b) or in Figs. 10(c) and 10(d), it can be
inferred that with the given method, the TH slot indices of the
received pseudolite signal can be correctly detected in both
pulse schemes d = 1/10 and d = 1/20, i.e., the detected TH
slot indices are in group 7 of the TH table, even when SNR
of the received pseudolite signal is relatively low, as given
in Fig. 10(a) or 10(c). Meanwhile, from Fig. 10 it can be
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FIGURE 8. The acquisition of DSSS component and its PRN code initial
phase, in which (a) and (c) are DSSS component acquired results, (b) and
(d) are PRN code initial phase acquired results based on the first pulse of
(a) and (c), respectively. In simulations, duty cycle d = 1/10 and SNR
equals —12dB in (a) and (b), and —5dB in (c) and (d). The basic TH slot
indices in one TH frame are [6 94 8 3 0 2 5 7 1] and the total TH frame
number K = 16.

easily got that the detected initial phase of TH slot indices
is 3 timeslots relative to their original positions, which also
matches its preset value.
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FIGURE 9. The acquisition of DSSS component and its PRN code initial
phase, in which (a) and (c) are DSSS component acquired results, (b) and
(d) are PRN code initial phase acquired results based on the first pulse of
(a) and (c), respectively. In simulations, duty cycle d = 1/20 and SNR
equals —12dB in (a) and (b), and —5dB in (c) and (d). The basic TH slot
indices in one TH frame are [8 12106 113216184917111935140
15 7] and the total TH frame number K = 26.

C. DETECTION ON TH SLOT INDICES AND THEIR INITIAL
PHASE

With the detected PRN code initial phase g given in Sub-
section IV-A and the detected TH slot indices and their initial
phase 1;, given in Subsection IV-B, the final initial phase
of the TH pulse positions can be obtained, hence the TH
pulse positions can be easily derived aided with the TH table.
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FIGURE 10. Detected TH slot indices and their initial phase under
different d and different SNR, in which (a) d = 1/10, SNR = —12 dB; (b)
d =1/10, SNR = -5 dB; (C) d =1/20,SNR = —12 dB; and (d) d =1/20,
SNR = —5 dB. Other parameters in (a) and (b) are same as those given in
Fig. 8, and in (c) and (d) are same as those given in Fig. 9.

The detected initial phase of TH slot indices under different
duty cycle and different SNR is shown as Fig. 11.

From Fig. 11 it indicates that for smaller d, the detected
initial phase of TH slot indices will become not accurate when
SNR becomes relatively low, as shown in Fig. 11(c), and
this will incur the incorrect determination of the TH pulse
positions. The main reason of this is that the detected PRN
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FIGURE 11. Detected initial phase of TH pulse positions under different d
and different SNR, in which (a) d = 1/10, SNR = —12 dB; (b) d = 1/10,
SNR = —5 dB; (c) d = 1/20, SNR = —12 dB; and (d) d = 1/20, SNR = -5
dB. Other parameters in (a) and (b) are same as those given in Fig. 8, and
in (c) and (d) are same as those given in Fig. 9.

code initial phase Ty, is more sensitive to SNR of the received
pseudolite signal, as shown in Figs. 9(a) and 9(b).

D. PERFORMANCE ON DETECTION PROBABILITY AND
DETECTION ERROR

To further verify the performance of the given method, detec-
tion probability and standard deviation (SD) of the detected
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FIGURE 12. Performance comparisons of the detected initial phase of TH
pulse positions with the proposed method (Prop.) and with the ES
method, in which (a) is the detection probability and (b) is the standard
deviation (SD) of the detected TH pulse initial phase. Here K = 1/d+ 6.

TH pulse initial phase are simulated with Monte Carlo
method, and the results are shown in Figs. 12 and 13, in which
the frame number K equals 1/d+ 6 in Fig. 12 and 1/d+ 18 in
Fig. 13. The simulation runs in Figs. 12 and 13 are both 1000.
Besides, the simulated results of the exhaustive search (ES)
method [18] under the same conditions are also given for
comparisons. Here the reason that SD of the detected TH
pulse initial phase is chosen to be estimated is because the TH
pulse positions are determined by their initial phase 7, aided
with the TH table stored in the participative GNSS receivers,
as illustrated in Subsection III-A.

From Fig. 12(a) or 13(a) it can be seen that when the duty
cycle d decreases, the probability of acquiring the right TH
initial phase with the given method and the ES method will
both become poor, but the proposed method is still superior
to the ES method at this time. For example, in Fig. 12(a),
under the conditions of d = 1/20 and detection probability
equals 0.8 (or 80%), the SNR of the given method is lower
than that of the ES method about 3 dB. Similar result can also
be found in Fig. 13(a). In addition, by comparing Fig. 12(a)
and 13(a) it also shows that under the same SNR and d,
when the frame number K increases, the detection probability
of the two methods will also increase. However, at this time
the computational complexity of the two methods will also
increase, so we should make a tradeoff between detection
performance and computational complexity.

While in Fig. 12(b) and 13(b), there are similar results as
those in Fig. 12(a) and 13(a). For example, in Fig. 12(a),
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FIGURE 13. Performance comparisons of the detected initial phase of TH
pulse positions with the proposed method (Prop.) and with the ES
method, in which (a) is the detection probability and (b) is SD of the
detected TH pulse initial phase. Here K = 1/d + 18.

under the condition d = 1/20, with the given method SD of
the detected initial phase of TH pulse positions will decease
to 0 when SNR equals —8 dB; whereas with the ES method
it will decrease to 0 when SNR equals —6 dB. That is,
the former is superior to the latter about 2 dB in SD perfor-
mance. The similar results can also be found in Fig. 13(b)
and in other pulse schemes. In addition, the simulated results
given in Figs. 12(b) and 13(b) also indicate that when K
increases, the SD performance of the detected TH pulse posi-
tions of the two methods will also get improved, just as it in
Figs. 12(a) and 13(a).

V. CONCLUSION

A new method to detect the pseudorandom TH pulse positions
of the received pseudolite signal for the participative GNSS
receivers is given. In the given method, the TH intervals
derived from the correlation peaks of discontinuous DSSS
component are first mapped to a code sequence, and then the
mapped code sequence is circularly correlated with the code
sequences obtained from the TH slot indices of the stored TH
table, finally by searching the maximum circular correlation
peak, the TH slot indices of the received pseudolite signal
and their initial phase will be found, further by combining
them the work of TH pulse detection is fulfilled. With the
given method, the effect of some unmatched TH intervals
can be greatly decreased, and consequently the detection
probability and detection error of the obtained TH pulse posi-
tions are improved, which will bring benefit to the ranging
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and demodulation performance of the participative GNSS
receivers. Additionally, by combining with the code division
multiple access function of the PRN code, the given method
can also be generalized to detect the TH pulse positions of
multiple pseudolite signals.
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